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Kopatch28, M. Krtička12, D. Kurtulgil30, I. Ladarescu8, C. Lederer-Woods24, J. Lerendegui-Marco20, S. Lo Meo33,34, S.-J.
Lonsdale24, D. Macina3, A. Manna34,35, T. Martínez1, A. Masi3, C. Massimi34,35, P. F. Mastinu36, M. Mastromarco3,13, F.
Matteucci37,38, E. Maugeri25, A. Mazzone11,39, A. Mengoni33,34, V. Michalopoulou23, P. M. Milazzo37, F. Mingrone3, A.
Musumarra4,5, A. Negret29, R. Nolte40, F. Ogállar41, A. Oprea29, N. Patronis26, A. Pavlik42, J. Perkowski6, L. Piersanti16,21,
I. Porras41, J. Praena41, J. M. Quesada20, D. Radeck40, D. Ramos Doval7, R. Reifarth30, D. Rochman25, C. Rubbia3, M.
Sabaté-Gilarte20,3, A. Saxena43, P. Schillebeeckx31, D. Schumann25, A. G. Smith13, N. Sosnin13, A. Stamatopoulos23, G.
Tagliente11, J. L. Tain8, Z. Talip25, A. E. Tarifeño-Saldivia19, L. Tassan-Got3,23,7, P. Torres-Sánchez41, A. Tsinganis3, J.
Ulrich25, S. Urlass3,44, S. Valenta12, G. Vannini34,35, V. Variale11, P. Vaz27, A. Ventura34, V. Vlachoudis3, R. Vlastou23, A.
Wallner45, P. J. Woods24, T. J. Wright13, and P. Žugec14
1Centro de Investigaciones Energéticas Medioambientales y Tecnológicas (CIEMAT), Spain
2Japan Atomic Energy Agency (JAEA), Tokai-mura, Japan
3European Organization for Nuclear Research (CERN), Switzerland
4INFN Laboratori Nazionali del Sud, Catania, Italy
5Dipartimento di Fisica e Astronomia, Università di Catania, Italy
6University of Lodz, Poland
7IPN, CNRS-IN2P3, Univ. Paris-Sud, Université Paris-Saclay, F-91406 Orsay Cedex, France
8Instituto de Física Corpuscular, CSIC - Universidad de Valencia, Spain
9Technische Universität Wien, Austria
10CEA Saclay, Irfu, Université Paris-Saclay, Gif-sur-Yvette, France
11Istituto Nazionale di Fisica Nucleare, Bari, Italy
12Charles University, Prague, Czech Republic
13University of Manchester, United Kingdom
14Department of Physics, Faculty of Science, University of Zagreb, Croatia
15University of York, United Kingdom
16Istituto Nazionale di Fisica Nazionale, Perugia, Italy
17Dipartimento di Fisica e Geologia, Università di Perugia, Italy
18University of Santiago de Compostela, Spain
19Universitat Politècnica de Catalunya, Spain
20Universidad de Sevilla, Spain
21Istituto Nazionale di Astrofisica - Osservatorio Astronomico d’Abruzzo, Italy
22Dipartimento di Fisica, Università degli Studi di Bari, Italy
23National Technical University of Athens, Greece
24School of Physics and Astronomy, University of Edinburgh, United Kingdom
25Paul Scherrer Institut (PSI), Villigen, Switzerland
26University of Ioannina, Greece
27Instituto Superior Técnico, Lisbon, Portugal
28Joint Institute for Nuclear Research (JINR), Dubna, Russia
29Horia Hulubei National Institute of Physics and Nuclear Engineering (IFIN-HH), Bucharest
30Goethe University Frankfurt, Germany
31European Commission, Joint Research Centre, Geel, Retieseweg 111, B-2440 Geel, Belgium
32Karlsruhe Institute of Technology, Campus North, IKP, 76021 Karlsruhe, Germany
33Agenzia nazionale per le nuove tecnologie, l’energia e lo sviluppo economico sostenibile (ENEA), Bologna, Italy
34Istituto Nazionale di Fisica Nucleare, Sezione di Bologna, Italy
EPJ Web of Conferences 239, 01034 (2020) https://doi.org/10.1051/epjconf/202023901034
ND2019
© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution 
License 4.0 (http://creativecommons.org/licenses/by/4.0/).
35Dipartimento di Fisica e Astronomia, Università di Bologna, Italy
36Istituto Nazionale di Fisica Nucleare, Sezione di Legnaro, Italy
37Istituto Nazionale di Fisica Nazionale, Trieste, Italy
38Dipartimento di Fisica, Università di Trieste, Italy
39Consiglio Nazionale delle Ricerche, Bari, Italy
40Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116 Braunschweig, Germany
41University of Granada, Spain
42University of Vienna, Faculty of Physics, Vienna, Austria
43Bhabha Atomic Research Centre (BARC), India
44Helmholtz-Zentrum Dresden-Rossendorf, Germany
45Australian National University, Canberra, Australia
Abstract.
Accurate neutron capture cross section data for minor actinides (MAs) are required to estimate the production
and transmutation rates of MAs in light water reactors with a high burnup, critical fast reactors like Gen-IV
systems and other innovative reactor systems such as accelerator driven systems (ADS). Capture reactions of
244Cm open the path for the formation of heavier Cm isotopes and of heavier elements such as Bk and Cf. In
addition, 244Cm shares nearly 50% of the total actinide decay heat in irradiated reactor fuels with a high burnup,
even after three years of cooling.
Experimental data for this isotope are very scarce due to the difficulties of providing isotopically enriched
samples and because the high intrinsic activity of the samples requires the use of neutron facilities with high
instantaneous flux. The only two previous experimental data sets for this neutron capture cross section have
been obtained in 1969 using a nuclear explosion and, more recently, at J-PARC in 2010.
The neutron capture cross sections have been measured at n_TOF with the same samples that the previous
experiments in J-PARC. The samples were measured at n_TOF Experimental Area 2 (EAR-2) with three C6D6
detectors and also in Experimental Area 1 (EAR-1) with the Total Absorption Calorimeter (TAC). Preliminary
results assessing the quality and limitations of these new experimental datasets are presented for the experiments
in both areas. Preliminary yields of both measurements will be compared with evaluated libraries for the first
time.
1 Introduction
Neutron capture cross section data for minor actinides
(MAs) are required to calculate the transmutation and pro-
duction rates of MAs in light-water reactors (LWR) with a
high burnup, critical fast reactors like Gen-IV systems and
accelerator driven systems (ADS) [1]. Accurate measure-
ments of these cross sections, however, are very difficult
due to the high radioactivity of MAs and the difficulty to
find appropriate samples. Therefore, data with high ac-
curacy are not available, in particular 244Cm (T1/2 =18.1
years) is one of the most important MAs due to his con-
tribution to the radiotoxicity of the irradiated nuclear fu-
els and the difficulty of its transmutation. There are only
two previous measurements. The first, done in 1969, used
the neutrons produced in underground nuclear explosion.
The capture cross section was measured from 20 eV to 1
keV [2]. The second measurement was done in 2010 by
Kimura et al. at J-PARC [3]. The resonance analysis was
done up to 30 eV.
2 The experiment
The 244Cm cross section has been measured at the n_TOF
spallation neutron-time-of-flight facility at CERN. This fa-
cility have a nominal intensity of 7×1012 protons per pulse
and a time spread of 7 ns (rms). The facility has two exper-
imental areas, one at 185 m [4] (EAR-1), the other at 19
m [5] (EAR-2). The instantaneous flux is up to 40 times
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Table 1. Istopic composition of the 244Cm sample





higher in EAR-2 while the energy resolution is better in
EAR-1.
The yield has been obtained doing experiments in both
areas. The measurement in EAR-2 has been done with
three BICRON C6D6 detectors and the Total Energy De-
tection (TED) [6] technique. The measurement in EAR-
1 has been done with the Total Absorption Calorimeter
(TAC) [7]. The main measurement is using the C6D6, in
which much more statistics was achieved. The one with
the TAC was carried out to have an alternative normaliza-
tion and a more complete information of the capture cas-
cades.
Two of the samples already measured at J-PARC [3],
with ∼0.4 mg 240Pu and ∼0.8 mg 244Cm in total, have been
used for this measurement. The isotopic abundances of the
measured sample are given in Table 1.
2.1 The measurement in EAR-1 with the TAC
For the calculation of the detection efficiency a very de-
tailed description of the experimental set-up [10] has been
implemented in the Geant4 toolkit [11]. Validation tests
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Figure 1. Comparison between simulated and experimental re-
sponse function to an 88Y source with the TAC.
of the simulation code with an 88Y source are presented
in figure 1. The electromagnetic cascades released af-
ter neutron capture have been obtained from the NuDEX
code [12]. As in previous works, the Photon Strength
Functions of the compound nuclei, 241Pu and 245Cm, have
been modified in order to reproduce the deposited energy
spectra. In this case a fitting procedure based on the differ-
ential evolution algorithm has been applied [13]. After the
fitting process, an excellent reproduction of the deposited
energy spectra has been achieved, as presented in figures 2
and 3.
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Figure 2. Comparison between simulated and experimental de-
posited energy spectra in the TAC by 244Cm(n,γ) cascades.
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Figure 3. Comparison between simulated and experimental de-
posited energy spectra in the TAC by 240Pu(n,γ) cascades.
A preliminary experimental yield (no background sub-
tracted) of the first resonances is presented in figure 4.
Theoretical yields calculated with the JEFF-3.3 [14] cross
sections are also plotted. The yield has been normalized to
the first resonance of 240Pu at 1.1 eV.
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Figure 4. Preliminary experimental yields (no background sub-
tracted) of the measured 244Cm sample in EAR-1 with the TAC.
Together with the experimental data points, we show an estima-
tion of the contribution of the reactions in each isotope present
in the samples. These contributions have been obtained using the
SAMMY [15] computer code and JEFF-3.3 data [14]
2.2 The measurement in EAR-2 with the C6D6
In the n_TOF EAR-2, the three C6D6 detectors were
placed 5 cm from the centre of the sample. The data anal-
ysis has been performed in this case following the TED
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technique, which can be applied when (i) no more than
one γ-ray is detected per capture cascade, and (ii) the de-
tection efficiency is proportional to the γ-ray energy. In
order to fulfil the second condition we applied the Pulse
Height Weighting Technique (PHWT), which has been
validated to perform measurements at n_TOF [16]. In this
technique, each count in the detectors is weighted by a
factor, which is obtained from Monte Carlo simulations.
For the calculation of this weighting factors, we have im-
plemented a very detailed description of the experimental
setup in Geant4 [17].
The corrections due to the counts lost below the de-
tection threshold and the effect of detecting multiple γ-
rays of the same cascade have been performed by means
of Monte Carlo simulations as well. For this, the same
240Pu(n,γ) and 244Cm(n,γ) cascades used for normalizing
the TAC measurement (figures 2 and 3) were simulated in
the C6D6 setup. These cascades were fitted to reproduce
the TAC experimental data but not the C6D6 data. The
simulations were performed with Geant4 with the same
geometry implemented for the calculation of the weight-
ing factors. Figure 5 shows how well these cascades re-




















Figure 5. Comparison between simulated and experimental re-
sponse functions of the C6D6s to 244Cm(n,γ) cascades.
Other experimental effects such as the pile-up have
been considered and corrected. The experimental yield
has been normalized to the first resonance of 240Pu at 1.1
eV. A preliminary experimental yield (no background sub-
tracted) is presented in figure 6. As in the case of the
TAC, theoretical yields calculated with the JEFF-3.3 cross
sections are plotted as well. A preliminary version of the
EAR-2 resolution function [18] has also been considered.
3 Results
The experimental yields obtained in both experimental ar-
eas have been compared with the yields obtained from
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Figure 6. Preliminary experimental yields (no background sub-
tracted) of the measured 244Cm sample in EAR-2 with the C6D6.
Together with the experimental data points, we show an estima-
tion of the contribution of the reactions in each isotope present
in the samples. These contributions have been obtained using the
SAMMY computer code and JEFF-3.3 data [14].
the JEFF-3.3 cross sections using a (preliminary) n_TOF
EAR-2 resolution function. The resolution function in the
EAR-1 has also been considered but it has a very small
effect. The results of this preliminary comparison are pro-
vided in table 2. For the TAC, only data concerning the
strongest 240Pu and 244Cm resonances are presented, since
the statistical uncertainties of this measurement are signif-
icantly larger than for the C6D6 measurement.
From the results of the this preliminary comparison it
follows that the 240Pu(n,γ) cross section measured at the
n_TOF EAR-2 is compatible with the one in JEFF-3.3,
within uncertainties, whereas some discrepancies are ob-
served for 244Cm. We note a 4% difference between both
measurements in the value of the first and strongest 244Cm
resonance at 7.7 eV. Here it should be noted that the mea-
surements have been made with the same sample, but in
different experimental areas, with different detectors, and
with different measurement techniques.These preliminary
observations may evolve as the analysis progresses further.
4 Summary and conclusions
The neutron capture cross section of 244Cm has been mea-
sured at both n_TOF experimental areas, using different
detectors and measurement techniques. Two samples al-
ready measured at J-PARC with ∼0.4 mg 240Pu and ∼0.8
mg 244Cm in total have been used for the measurement. In
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EAR-2 resolution function. The resolution function in the
EAR-1 has also been considered but it has a very small
effect. The results of this preliminary comparison are pro-
vided in table 2. For the TAC, only data concerning the
strongest 240Pu and 244Cm resonances are presented, since
the statistical uncertainties of this measurement are signif-
icantly larger than for the C6D6 measurement.
From the results of the this preliminary comparison it
follows that the 240Pu(n,γ) cross section measured at the
n_TOF EAR-2 is compatible with the one in JEFF-3.3,
within uncertainties, whereas some discrepancies are ob-
served for 244Cm. We note a 4% difference between both
measurements in the value of the first and strongest 244Cm
resonance at 7.7 eV. Here it should be noted that the mea-
surements have been made with the same sample, but in
different experimental areas, with different detectors, and
with different measurement techniques.These preliminary
observations may evolve as the analysis progresses further.
4 Summary and conclusions
The neutron capture cross section of 244Cm has been mea-
sured at both n_TOF experimental areas, using different
detectors and measurement techniques. Two samples al-
ready measured at J-PARC with ∼0.4 mg 240Pu and ∼0.8
mg 244Cm in total have been used for the measurement. In
Table 2. Preliminary comparison between the integrals over a
resonance of the experimental yields (IExp) and JEFF-3.3
(IJEFF−3.3). The values of the table correspond to
100 · (1 − IExp/IJEFF−3.3). The yields have been normalized to the
strongest resonance of 240Pu at 1.1 eV. Presented uncertainties
are due to counting statistics only.
Resonance TAC in EAR-1 C6D6 in EAR-2
1.1 eV- 240Pu 0.0 ± 0.2 0.0 ± 0.1
20.4 eV- 240Pu - 3.6 ± 4.1
38.3 eV- 240Pu - -1.9 ± 3.2
41.7 eV- 240Pu - 1.9 ± 3.6
66.6 eV- 240Pu - 7.2 ± 4.1
72.8 eV- 240Pu - -5.1 ± 7.9
90.8 eV- 240Pu - 16.4 ± 13.3
105.0 eV- 240Pu - -2.4 ± 11.2
135.3 eV- 240Pu - 24.7 ± 19.0
7.7 eV- 244Cm 2.3 ± 0.4 6.5 ± 0.2
16.8 eV- 244Cm - 8.9 ± 3.3
23.0 eV- 244Cm - -17.5 ± 6.9
35.0 eV- 244Cm - 14.1 ± 3.1
86.0 eV- 244Cm - 1.3 ± 4.2
96.1 eV- 244Cm - 20.8 ± 12.5
132.8 eV- 244Cm - 12.1 ± 11.4
197.4 eV- 244Cm - 30.4 ± 14.1
the EAR-2 the γ-rays from neutron capture have been de-
tected with three C6D6 detectors, and in the EAR-1 with
the n_TOF TAC. A very detailed description of the geom-
etry of both experimental setups has been implemented in
Geant4, in order to calculate the detection efficiency and
to apply corrections to the TED technique. The capture
cascades of 240Pu and 244Cm have been simulated with the
NuDEX code and a very good reproduction of the exper-
imental deposited energy spectra in both the TAC and the
C6D6 has been achieved. Preliminary capture yields have
been obtained, showing that the measured 240Pu capture
cross section is compatible with the one in JEFF-3.3, and
that a difference of only 4% has been obtained between
both 244Cm measurements of the first strong resonance.
Further analysis is in progress.
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